Release of GABA is controlled by presynaptic GABA receptor type B (GABA B ) autoreceptors at GABAergic terminals. However, there is no direct evidence that GABA B autoreceptors are activated by GABA release from their own terminals, and precise profiles of GABA B autoreceptor-mediated suppression of GABA release remain unknown. To explore these issues, we performed multiple whole-cell, patch-clamp recordings from layer V rat insular cortex. Both unitary inhibitory and excitatory postsynaptic currents (uIPSCs and uEPSCs, respectively) were recorded by applying a five-train depolarizing pulse injection at 20 Hz. In connections from both fast-spiking (FS) and non-FS interneurons to pyramidal cells, the GABA B receptor antagonist CGP 52432 had little effect on the initial uIPSC amplitude. However, uIPSCs, responding to later pulses, were effectively facilitated. This CGP 52432-induced facilitation was prominent in the fourth uIPSCs, which were evoked 150 ms after the first uIPSC. The facilitation of uIPSCs was accompanied by an increase in the pairedpulse ratio. In addition, analysis of the coefficient of variation suggests the involvement of presynaptic mechanisms in CGP 52432-induced uIPSC facilitation. Paired-pulse stimulation (interstimulus interval ϭ 150 ms) of presynaptic FS cells revealed that the second uIPSC was also facilitated by CGP 52432, which had little effect on the amplitude and interevent interval of miniature IPSCs. In contrast, uEPSCs, responding to all five stimulations of a presynaptic pyramidal cell, were less affected by CGP 52432. These results suggest that a single presynaptic action potential is sufficient to activate GABA B autoreceptors and to suppress GABA release in the cerebral cortex. neocortex; metabotropic receptor; presynaptic; release probability; IPSC THE GABA RECEPTOR TYPE B (GABA B ), a metabotropic GABAergic receptor, plays critical roles in the regulation of cerebrocortical activities via presynaptic and postsynaptic mechanisms. It is understood that GABA B receptors in the postsynaptic membrane generate slow and profound inhibitory postsynaptic potentials (IPSPs), which continue for several hundred milliseconds (Connors et al. 1988 ). These potentials suppress tonic, repetitive firing (Luhmann and Prince 1991). Postsynaptic GABA B receptors are continuously activated by spontaneous GABA release and therefore, induce tonic inhibition that is mediated through extrasynaptic receptors (Wang et al. 2010 ). Disruption of this postsynaptic GABA B receptormediated regulation of neural activities induces certain neurological disorders, such as epilepsy (Caddick and Hosford 1996) .
THE GABA RECEPTOR TYPE B (GABA B ), a metabotropic GABAergic receptor, plays critical roles in the regulation of cerebrocortical activities via presynaptic and postsynaptic mechanisms. It is understood that GABA B receptors in the postsynaptic membrane generate slow and profound inhibitory postsynaptic potentials (IPSPs), which continue for several hundred milliseconds (Connors et al. 1988) . These potentials suppress tonic, repetitive firing (Luhmann and Prince 1991) . Postsynaptic GABA B receptors are continuously activated by spontaneous GABA release and therefore, induce tonic inhibition that is mediated through extrasynaptic receptors (Wang et al. 2010) . Disruption of this postsynaptic GABA B receptormediated regulation of neural activities induces certain neurological disorders, such as epilepsy (Caddick and Hosford 1996) .
Presynaptic GABA B receptors regulate neurotransmitter release from synaptic terminals in the cerebral cortex. Glutamatergic transmission to pyramidal cells is suppressed by GABA B receptors in presynaptic terminals (Kang 1995; Ziakopoulos et al. 2000) . GABA release is also regulated by GABA B receptors in GABAergic terminals (i.e., autoreceptors) (Deisz and Prince 1989) . A GABA B receptor agonist decreases the frequency of miniature inhibitory postsynaptic currents (mIPSCs) without changing their amplitudes, whereas a GABA B receptor antagonist increases mIPSC frequency (Bailey et al. 2004 ; Thompson et al. 2006) . Paired-pulse stimulation with an extracellular electrode has demonstrated that a GABA B receptor antagonist decreases the paired-pulse ratio (PPR) of evoked IPSCs (Fukuda et al. 1993 ). These findings suggest that presynaptic GABA B receptors in GABAergic terminals are a suppressor of GABA release. These suppression mechanisms have been explored in part; presynaptic GABA B receptor activation decreases Ca 2ϩ influx through voltage-gated Ca 2ϩ channels in GABAergic terminals (Doze et al. 1995) and retards the recruitment of synaptic vesicles by modulating the process of priming (Sakaba and Neher 2003) . As a result, release probability is decreased.
Although previous findings have demonstrated GABA B receptor-mediated suppression of GABA release in cerebrocortical local circuits, several critical questions remain unexplored. First, are autoreceptors activated by GABA released from their own terminals? mIPSC recordings and evoked responses cannot exclude the possibility that projections from other GABAergic neurons onto a GABAergic terminal activate presynaptic GABA B autoreceptors. Second, if autoreceptors are indeed activated by GABA release from their own terminals, by how much is the amplitude of IPSCs decreased by blocking these autoreceptors? Third, is the quantity of GABA released by a single action potential sufficient to activate autoreceptors?
To answer these questions, it is necessary to record unitary IPSCs (uIPSCs), which are induced by the activation of a single presynaptic GABAergic neuron. In the present study, we focused on the effects of the GABA B receptor antagonist CGP 52432 on inhibitory synaptic transmission from GABAergic interneurons to pyramidal cells (interneuron ¡ Pyr) by performing dual or triple whole-cell patch-clamp recordings.
MATERIALS AND METHODS
All experiments were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the Nihon University School of Dentistry (Tokyo, Japan). All efforts were made to minimize both the number of animals used and their suffering.
Slice preparation. The techniques for preparing and maintaining rat cortical slices in vitro were similar to those described previously Yamamoto et al. 2010) . Briefly, vesicular GABA transporter (VGAT)-Venus line A transgenic rats (Uematsu et al. 2008 ) of either sex, aged from 16 to 32 days old, were deeply anesthetized with sodium pentobarbital (75 mg/kg ip) and decapitated. Tissue blocks, including the insular cortex (IC), were rapidly removed and stored for 3 min in ice-cold, modified artificial cerebrospinal fluid (ACSF) composed of the following (in mM): 230 sucrose, 2.5 KCl, 10 MgSO 4 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 2.5 CaCl 2 , and 10 D-glucose. Coronal slices were cut at 350 m thickness using a microslicer (LinearSlicer Pro 7, Dosaka EM, Kyoto, Japan). Slices were incubated at 32°C for 40 min in a submersion-type holding chamber that contained 50% modified ACSF and 50% normal ACSF (pH 7.35-7.40) . Normal ACSF contained the following (in mM): 126 NaCl, 3 KCl, 2 MgSO 4 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 2.0 CaCl 2 , and 10 D-glucose. Modified and normal ACSF were continuously aerated with a mixture of 95% O 2 /5% CO 2 . Slices were then placed in normal ACSF at 32°C for 1 h and were thereafter maintained at room temperature until they were used for recording.
Cell identification and whole-cell, patch-clamp recording. The slices were transferred to a recording chamber that was continuously perfused with normal ACSF at a rate of 1.5-2.0 ml/min. Dual or triple whole-cell patch-clamp recordings were obtained from Venus-positive fluorescent neurons and from pyramidal cells identified in layer V with a fluorescence microscope equipped with Nomarski optics (BX51, Olympus, Tokyo, Japan) and an infrared-sensitive video camera (Hamamatsu Photonics, Hamamatsu, Japan). The distance between Venus-positive cells and pyramidal cells was Ͻ50 m. Electrical signals were recorded by amplifiers (Axoclamp 700B, Axon Instruments, Foster City, CA), digitized (Digidata 1440A, Axon Instruments), observed online, and stored on a computer hard disk using Clampex (pCLAMP 10, Axon Instruments).
The composition of the pipette solution for recordings from interneurons and pyramidal cells was as follows (in mM): 70 potassium gluconate, 70 KCl, 10 HEPES, 15 biocytin, 0.5 EGTA, 2 MgCl 2 , 2 ATP, and 0.3 GTP. The pipette solution had a pH of 7.3 and an osmolarity of 300 mOsm. The liquid junction potential for currentclamp and voltage-clamp recordings was Ϫ9 mV, and the voltage was corrected accordingly. Thin-wall borosilicate patch electrodes (2-5 M⍀) were pulled on a Flaming-Brown micropipette puller (P-97, Sutter Instruments, Novato, CA).
Recordings were obtained at 30 -31°C. Seal resistance was Ͼ5 G⍀, and only data obtained from electrodes with access resistance of 6 -20 M⍀ and Ͻ20% change during recordings were included in this study. Series resistance was 50% compensated. Membrane currents and potentials were low-pass filtered at 5-10 kHz and were digitized at 20 kHz.
Before uIPSC recordings, voltage responses of presynaptic and postsynaptic cells were recorded by applying long hyperpolarizing and depolarizing current pulse (300 ms) injections to examine basic electrophysiological properties, including input resistance, single spike kinetics, voltage-current relationships, repetitive firing patterns, and firing frequency. Because some cell pairs had mutual or greater than or equal to two connections, all cells were recorded under voltage-clamp conditions (holding potential ϭ Ϫ70 mV) during uIPSC recordings. Short, depolarizing voltage-step pulses (2 ms, 80 mV) were applied to presynaptic cells to induce action currents. CGP 52432 was added directly to the perfusate. uIPSCs were recorded in normal ACSF for 5-10 min; we applied CGP 52432 for 7.5 min and then washed for 10 min.
We recorded mIPSCs from layer V pyramidal cells under application of 1 M TTX, 50 M D(-)-2-amino-5-phosphonopentanoic acid (D-APV), and 20 M 6,7-dinitroquinoxaline-2,3-dione (DNQX). CGP 52432 application protocol during mIPSC recording was the same as that of uIPSCs.
Data analysis. Clampfit (pCLAMP 10, Axon Instruments) was used for analyses of electrophysiological data. The amplitude of uIPSCs/unitary excitatory PSCs (uEPSCs) was measured as the difference between the peak PSCs and the baseline currents taken from a 2-to 3-ms time window close to the onset. To measure the 20 -80% rise time and decay time constants of uIPSCs/uEPSCs, single action currents were induced at 0.07-0.1 Hz, and 10 -30 postsynaptic events were aligned to the peak of presynaptic action currents and averaged. The decay phase from the peak to baseline of uEPSCs was fitted by a single exponential function to obtain decay time constant (). On the other hand, the decay phase of uIPSCs was not well fitted by a single exponential function, and therefore, a double exponential function was used for fitting uIPSC decay curves
where A fast and A slow are the amplitudes of fast and slow decay components, respectively, and fast and slow are their respective decay time constants. Weighted decay time constant ( w ) was calculated using the following equation (Bacci et al. 2003) w
To quantify the effect of CGP 52432 on the amplitude, PPR of the second to first uIPSC amplitude, coefficient of variation of the first uIPSC amplitude (CV), and failure rate of uIPSCs, we analyzed 15 events just before CGP 52432 application and 225 s after drug application for control data and CGP 52432 data, respectively. uIPSC amplitudes in the range of synaptic noise were taken as failures.
mIPSCs were detected at a threshold of three times the SD of baseline noise amplitude using event detection software (kindly provided by Dr. John Huguenard, Stanford University, Stanford, CA). Threshold values for mIPSCs recorded in normal ACSF were 5.0 Ϯ 0.4 pA (n ϭ 11). For measuring the amplitude, interevent interval, 20 -80% rise time, half duration, and 80 -20% decay time, mIPSCs were analyzed from a continuous, 3-min recording, just before and 4 min after CGP 52432 application.
Data are presented as the mean Ϯ SE. Comparisons of the uIPSC amplitude, PPR, and CV between control and drug application were conducted by paired t-test. Increases in the amplitude of uIPSCs induced by five trains or paired pulses were compared using Student's t-test. The amplitude and interevent interval of mIPSCs were analyzed by nonparametric statistical analysis [Kolmogorov-Smirnoff test (K-S test)] to assess the significance of shifts in cumulative probability distributions in control and CGP 52432 application. Paired t-test was used to compare mean mIPSC amplitude and interevent interval. A level of P Ͻ 0.05 was accepted to indicate significance.
Histology. To visualize biocytin-labeled neurons after whole-cell patch-clamp recording, slices were fixed, stored, and processed using a whole-mount protocol (Kobayashi et al. 2003) . Slices were rinsed in 0.5% Triton X-100 and 0.1 M glycine in 0.1 M phosphate buffer (PB) and then incubated with the fluorophores Alexa 594 streptavidin (5 mg/L; Molecular Probes, Eugene, OR) in the solution overnight. Slices were rinsed in 0.5% Triton X-100 and 0.1 M glycine in 0.1 M PB, mounted on slides, and coverslipped with Vectashield (Vector Laboratories, Burlingame CA). Slices were examined, and images were obtained using a confocal microscope (FV1000, Olympus). All chemicals, unless specified otherwise, were purchased from SigmaAldrich (St. Louis, MO).
RESULTS
Dual or triple whole-cell, patch-clamp recordings were obtained from layer V pyramidal and GABAergic neurons in the IC. Figure 1 shows an example of dual recording from two pyramidal cells in layer V. GABAergic neurons were identified by visualization of VGAT by use of VGAT-Venus line A transgenic rats. GABAergic neurons were classified into the following two subtypes: fast-spiking (FS) and non-FS neurons. As reported previously, FS neurons are characterized by a large afterhyperpolarization amplitude and an extremely high repetitive firing frequency without spike adaptation ( Fig. 2A ) (Kawaguchi and Kubota 1997; Koyanagi et al. 2010) . Non-FS neurons include low-threshold spike, late spiking (LS), and regular spiking cells. Based on this cell classification, we focused on inhibitory transmission from FS cells to pyramidal cells (FS ¡ Pyr) and from non-FS cells to pyramidal cells (non-FS ¡ Pyr). 
Effects of CGP 52432 on uIPSCs in FS ¡ Pyr and non-FS ¡ Pyr connections.
The GABA B receptor belongs to the G protein-coupled receptor family, and the induction time of these receptors after activation is longer than that of ionotropic receptors. GABA B receptor-mediated slow IPSPs reach a plateau at ϳ150 -200 ms in cortical pyramidal cells (Connors et al. 1988) . Therefore, we applied a five-train pulse stimulus to presynaptic neurons at 20 Hz to explore the temporal properties of CGP 52432-induced modification of uIPSCs, which were elicited 50, 100, 150, and 200 ms after the first uIPSC. Figure 2 shows a typical example of a triple whole-cell patch-clamp recording, in which a FS cell innervated two postsynaptic pyramidal cells. Simultaneous uIPSC recordings from two FS ¡ Pyr connections demonstrated that bath application of 10 M CGP 52432 had little effect on the amplitude of the first uIPSC (Fig. 2, B and C) . The second and third uIPSCs were also little affected by CGP 52432. In contrast, CGP 52432 increased the amplitude of the fourth and fifth uIPSCs in both pyramidal cells (Fig. 2, B and C) . The rise and decay kinetics of uIPSCs were comparable, as shown by scaled uIPSCs (Fig. 2D) . In 27 FS ¡ Pyr connections, 21 connections (77.8%) showed facilitative effects of CGP 52432 on the fourth uIPSC, whereas seven connections (25.9%) showed CGP 52432-induced facilitation of the first uIPSC.
As with FS ¡ Pyr connections, CGP 52432 also tended to facilitate uIPSCs responding to later pulses in non-FS ¡ Pyr connections (Fig. 3) . Simultaneous recordings of uIPSCs in LS ¡ Pyr and LS ¡ LS connections indicated that CGP 52432 (10 M) increased uIPSC amplitudes, responding to later pulses in both connections. In contrast, smaller effects were observed on the first uIPSC amplitude (Fig. 3, B and C) . The rise and decay kinetics of uIPSCs were comparable, as shown by scaled uIPSCs (Fig. 3D) . Of four non-FS ¡ Pyr connections, three connections (75.0%) showed a facilitative effect of CGP 52432 on the fourth uIPSC, whereas no connections showed CGP 52432-induced facilitation of the first uIPSC.
Properties of CGP 52432-induced facilitation of uIPSCs. For quantitative analysis of the effects of CGP 52432 on uIPSCs, we combined data obtained from FS ¡ Pyr and non-FS ¡ Pyr connections, because we observed similar effects of CGP 52432 on uIPSCs in both types of connections. We did not include the recordings in which the postsynaptic cell was a GABAergic neuron. Basic kinetics of uIPSCs evoked by single presynaptic action currents were shown in Table 1 . Figure 4A shows a summary of the temporal changes of the amplitude of the first and fourth uIPSC before, during, and after application of 10 M CGP 52432 (n ϭ 31). CGP 52432 increased the amplitude of the fourth uIPSC, whereas the first uIPSC was less affected. The facilitative effect of CGP 52432 on uIPSCs was recovered by a 5-min washout of the drug. The CGP 52432-induced facilitation of the uIPSC amplitude was most prominent at the fourth uIPSC (27.8 Ϯ 6.7% increase; n ϭ 31; P Ͻ 0.001, paired t-test; Fig. 4B ). The facilitation of the fourth uIPSC by CGP 52432 was accompanied by increases in the ratio of each uIPSC amplitude to the first uIPSC (n ϭ 31; P Ͻ 0.01, paired t-test; Fig. 4C ), suggesting that presynaptic mechanisms are involved in CGP 52432-induced facilitation of uIPSCs.
We performed CV analysis (Bartos et al. 2001; Malinow and Tsien 1990) to determine whether the effects of CGP 52432 on uIPSCs included presynaptic mechanisms, such as depletion of the vesicular pool (Stevens and Tsujimoto 1995) , or postsynaptic mechanisms, such as GABA A receptor desensitization (Jones and Westbrook 1995) . The inverse of the square of the CV for the fourth uIPSC during CGP 52432 application was plotted against the mean, and both were normalized to the respective values of the fourth uIPSC in control conditions (Fig. 4D) . Most points were located below the identity line, suggesting that the depression was mainly caused by presynaptic changes.
We analyzed the relationship between the first uIPSC amplitude and the normalized amplitude of the fourth IPSC (Fig.  4E ). There was no significant correlation between the first uIPSC amplitude and the normalized amplitude of the fourth IPSC, although connections with a large first uIPSC amplitude (Ͼ200 pA) were consistently facilitated by CGP 52432.
CGP 52432 has little effect on uEPSCs in Pyr ¡ Pyr/FS/ non-FS connections.
Glutamatergic terminals receive GABAergic inputs, which in turn, suppress glutamate release (Kang 1995) . If spontaneous release of GABA activates presynaptic GABA B receptors in the slice preparation, it is likely that CGP 52432 increases uEPSC amplitude. When spontaneous GABA release is not enough to drive GABA B receptors, CGP 52432 should have little effect on uEPSC amplitude, because glutamate release itself cannot activate GABA B receptors. Therefore, we examined the effect of CGP 52432 on uEPSCs from pyramidal cells to other neurons, including pyramidal cells and GABAergic interneurons. Application of CGP 52432 (10 M) had little effect on uEPSC amplitude, as shown in Fig. 5 . In this recording, uIPSCs in FS ¡ Pyr and autaptic connections were recorded simultaneously (Fig. 5A ), serving as effective controls for the CGP 52432-induced effect on uEPSCs. The fourth uIPSCs showed a slight but consistent increase in amplitude (Fig. 5, C and D) , although the drug had little effect on uEPSC amplitude (Fig. 5, B and D) . The kinetics of uEPSCs and uIPSCs were not changed by application of CGP 52432 (Fig. 5E) . Table 1 shows basic kinetics of uEPSCs recorded from 13 Pyr ¡ Pyr/FS/non-FS connections. In summary, CGP 52432 ) for the 4th uIPSCs under application of CGP 52432 is plotted against their mean amplitude; both CV and mean are normalized to the respective values of the 4th uIPSCs in controls. Line of identity is indicated as dots. E: normalized amplitude of the 4th uIPSC was plotted against the 1st uIPSC amplitude. **P Ͻ 0.01; ***P Ͻ 0.001, paired t-test. did not increase the amplitude of the first to fifth uEPSCs (n ϭ 11; P Ͼ 0.1, paired t-test; Fig. 5F ).
GABA release in response to a single action potential is sufficient to activate autoreceptors. The present findings suggest that autoreceptors are activated by GABA released from their own terminals in response to train pulse stimuli. Tamás et al. (2003) have reported that a single action potential can induce slow IPSPs via postsynaptic GABA B receptors in the cerebral cortex. However, it remains unclear how many spikes are required to activate autoreceptors and at which interstimulus interval (ISI) the maximal effects of CGP 52432 on uIPSCs are observed. To examine these issues, we recorded uIPSCs induced by paired-pulse stimuli applied to presynaptic neurons. Figure 6 shows a typical example of the effects of CGP 52432 (10 M) on uEPSCs and uIPSCs responding to pairedpulse stimulation at 150 ms ISI. Pyramidal cells and FS cells were mutually connected, and uEPSCs and uIPSCs were recorded from FS cells and pyramidal cells, respectively (Fig.  6A ). Whereas CGP 52432 had little effect on the first and second uEPSCs (Fig. 6, B and D) , the second uIPSC was facilitated by CGP 52432 without an effect on the first uIPSC (Fig. 6, C and D) . The kinetics of the second uEPSC and uIPSC were only slightly affected by CGP 52432 (Fig. 6E) .
The effects of CGP 52432 on uIPSCs induced by pairedpulse stimulation at different ISIs (20, 50, 100, 150, 200, 500 , and 1,000 ms) are summarized in Fig. 7A . In agreement with the results of five-train stimulation, the first uIPSC amplitude was not affected by CGP 52432 (P Ͼ 0.05, paired t-test). The second uIPSCs were facilitated by CGP 52432, especially at 150 ms ISI (32.8 Ϯ 7.0%; n ϭ 28; P Ͻ 0.01, paired t-test). Taken together with the results that the fourth uIPSCs showed the most prominent facilitative effect of CGP 52432 (Fig. 4B) , the maximal effects of GABA B receptors on uIPSCs are likely to be induced ϳ150 ms after GABA release.
To examine whether the facilitative effect of CGP 52432 at 150 ms ISI is mediated by presynaptic or postsynaptic mechanisms, PPR and CV were analyzed. The CGP 52432-induced increase in the second uIPSC was accompanied by an increase in the PPR (0.72 Ϯ 0.03 to 0.88 Ϯ 0.05; n ϭ 28; P Ͻ 0.001, paired t-test; Fig. 7B ). Analysis of the CV showed that most points were located below the identity line, suggesting that depression was mainly caused by presynaptic changes (Fig.  7C) . These results suggest that the GABA release induced by a single action potential activates autoreceptors, which in turn, suppress subsequent GABA release from the same terminals.
CGP 52432 has little effect on mIPSCs recorded from pyramidal cells. Our recording of uIPSCs described above suggests that CGP 52432 is likely to facilitate uIPSCs via presynaptic GABA B autoreceptors but not postsynaptic mechanisms. To confirm this, mIPSCs were recorded from pyramidal cells under application of 1 M TTX, 50 M D-APV, and 20 M DNQX, and effects of CGP 52432 on mIPSCs were examined. Figure 8A shows a typical example of mIPSCs recorded before, during, and after application of 10 M CGP 52432. A cumulative probability plot obtained from the same neuron indicates that the amplitude and interevent interval of mIPSCs were unaffected by CGP 52432 (P Ͼ 0.05, K-S test; Fig. 8 , B and C). A total of 11 neurons was analyzed to compare the mean amplitude and interevent interval of mIPSCs recorded under control and CGP 52432 conditions. CGP 52432 had little effect on the mIPSC amplitude (13.2 Ϯ 2.0 pA vs. 12.4 Ϯ 1.7 pA; n ϭ 11; P Ͼ 0.05, paired t-test; Fig. 8D ) and interevent interval (933.8 Ϯ 184.4 ms vs. 822.5 Ϯ 155.1 ms; n ϭ 11; P Ͼ 0.05, paired t-test; Fig. 8E ).
DISCUSSION
The present study examined the effects of CGP 52432 on uIPSCs/uEPSCs recorded from layer V rat IC neurons. In inhibitory connections from FS ¡ Pyr/non-FS ¡ Pyr cells, uIPSC amplitude was facilitated by CGP 52432, especially in uIPSCs responding to later pulses in the sequence of five-train stimuli. Facilitation of uIPSC amplitude by CGP 52432 was accompanied by increases in PPR. The second uIPSC in response to paired-pulse stimulation (ISI ϭ 150 ms) of presynaptic FS cells was also facilitated by CGP 52432. Taken together with the results of CV analysis, it is likely that GABA release, elicited by a single spike, can activate presynaptic GABA B receptors in the same terminals, suppressing GABA release. In contrast to CGP 52432-induced facilitation of uIPSCs, the amplitude of uEPSCs recorded from Pyr ¡ Pyr/ interneuron connections was less affected by CGP 52432. As the first uIPSC and amplitude and interevent interval of mIPSCs were not significantly changed by CGP 52432, it is likely that transients of ambient GABA are not dominant in IC slice preparation.
Technical advantage of paired recordings. The functional roles of cortical GABA B receptors have been explored by analyzing evoked IPSCs/IPSPs and mIPSCs (Bailey et al. 2004; Deisz and Prince 1989; Fukuda et al. 1993; Thompson et al. 2006) . In parallel with electrophysiological recordings, histological approaches, such as immunoelectron microscopy, have demonstrated the precise spatial distribution patterns of GABA B receptors in presynaptic and postsynaptic sites (LopezBendito et al. 2004 ). These efforts have led to the proposed Fig. 7 . Summary of CGP 52432-induced effects on uIPSCs responding to paired-pulse stimuli in FS ¡ Pyr connections. A: normalized amplitude of the 1st and 2nd uIPSCs plotted against the ISI. The amplitude of uIPSCs during CGP 52432 was divided by that in control. Note that CGP 52432 significantly increased the 2nd uIPSC amplitude in the case of ISI ϭ 150 ms. Number of connections used is shown at the top of each group in parentheses. B: paired-pulse ratio (PPR) of uIPSCs in control and CGP 52432 application (ISI ϭ 150 ms). PPR is increased significantly by CGP 52432 (n ϭ 28). C: CV analysis of the effects of CGP 52432 on uIPSCs. The inverse of the square of CV for the 2nd uIPSCs under application of CGP 52432 is plotted against their mean amplitude; both CV and mean are normalized to the respective values of the 2nd uIPSCs in controls. **P Ͻ 0.01; ***P Ͻ 0.001, paired t-test.
scheme that GABA B receptors are distributed both in glutamatergic and GABAergic extrasynaptic terminals, in addition to the postsynaptic membrane. However, there has been no direct evidence that these extrasynaptic GABA B receptors are activated by a single action potential in a GABAergic neuron. Evoked IPSC/EPSC recordings cannot exclude the effects of multiple GABAergic inputs directly terminating on presynaptic terminals. Although mIPSC recordings have shown that presynaptic GABA B receptors suppress the release probability of GABA, it has remained unclear which of the following sources of GABA is dominant in this regulation: GABA released from other GABAergic terminals or GABA spilled over from the same terminals.
We propose that uIPSC and uEPSC recordings are suitable for approaching these questions for the following reason. In paired recordings, one can precisely activate a single presynaptic neuron; therefore, GABA is released from terminals of the activated neuron. There remains the possibility that spontaneous GABA release from other terminals could also contribute to the regulation of GABA release from activated neurons. However, we can exclude this possibility by estimating the effects of a GABA B blocker on the sequential uIPSCs that are evoked by train-pulse stimulation of a presynaptic neuron, as discussed below.
GABA released from a GABAergic neuron activates GABA B receptors in its terminals. In the present study, blockade of GABA B receptors by CGP 52432 facilitated uIPSCs in response to later pulses of train stimulation, whereas the first uIPSC amplitude was not affected by CGP 52432. If ambient GABA consistently suppresses GABA release via GABA B receptors, the first uIPSC amplitude would be facilitated by a GABA B blocker. Therefore, it is likely that action potential-dependent GABA release activates GABA B receptors in the same terminals, and the possibility of GABA B receptor activation by ambient GABA can be excluded. Less effect of CGP 52432 on the interevent interval of mIPSCs supports this hypothesis. The finding that uEPSCs are less affected by CGP 52432 suggests that glutamatergic terminals do not receive sufficient transients of ambient GABA to suppress glutamate release. This finding does not constitute direct evidence to prove our hypothesis as described above, but it does support this hypothesis. Although glutamatergic and GABAergic terminals are spatially divided in local circuits, it is reasonable to speculate that ambient GABA spilled over from GABAergic terminals could also activate GABA B receptors in glutamatergic terminals.
Postsynaptic effects of activation of a single GABAergic neuron. As reported previously, slow IPSPs induced by activation of postsynaptic GABA B receptors peaked ϳ100 -300 ms after excitation of presynaptic neurons (Connors et al. 1988; Fukuda et al. 1993; Luhmann and Prince 1991) . This temporal profile of slow IPSP induction in postsynaptic cells raises the possibility that facilitation of later uIPSCs by CGP 52432 might be due to blockade of slow IPSPs, although PPR and CV analyses suggest presynaptic mechanisms. We argue that the involvement of postsynaptic mechanisms in CGP 52432-induced uIPSC facilitation is unlikely for the following reasons. First, there is less of a difference in the basal current just before the induction of each uIPSC. If slow IPSCs are induced, the basal current at the later part of the uIPSC should be outward after CGP52432 application. Second, traces of repetitive uIPSCs after bicuculline application also argue against this possibility. That is, we could not find outward currents after diminishing uIPSCs by blockade of GABA A receptors. These findings suggest that the application of fivetrain pulses to a single GABAergic neuron is not sufficient to induce slow IPSCs, even though presynaptic GABA B receptors are activated by the same stimuli. However, Támas et al. (2003) reported that neurogliaform cells, which show LS responding to long, depolarizing current injections, can induce slow IPSPs by single action potential. These contradictory results may be because slow IPSCs cannot be detected under voltage-clamp conditions at Ϫ70 mV. Another possibility is that most of our results were obtained from FS ¡ Pyr connections, which may have different profiles of postsynaptic GABA B activation (Támas et al. 2003) .
It is possible that presynaptic GABA B receptors, rather than postsynaptic receptors, are more easily activated, with a shorter distance and higher affinity to GABA in presynaptic GABA B receptors. Gonchar et al. (2001) have reported that GABA B receptors are distributed at extrasynaptic sites, both in presynaptic and postsynaptic membranes. Therefore, the distance of GABA B receptors from the release site of GABA may not explain this discrepancy. Differences in sensitivity of GABA B receptors between presynaptic and postsynaptic membranes might contribute to this discrepancy. It has been reported that presynaptic GABA B receptor-dependent regulation of GABA release is mediated by voltage-dependent, P/Q-type Ca 2ϩ channel activation (Lei and McBain 2003) and vesicle priming (Sakaba and Neher 2003) , whereas slow IPSPs are generated by an increase in K ϩ channels (Deisz et al. 1997; Soltesz et al. 1988) . These effectors downstream of GABA B receptors may have different sensitivities to GABA B receptor activation. That is, voltage-dependent Ca 2ϩ channels may have a higher sensitivity compared with K ϩ channels. This possibility should be explored in the future.
